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ABSTRACT 
Presented in the first part of this thesis is work performed on the 
ionizing energy beam induced adhesion enhancement of thin ("' 500 
Angstrom) Au films on GaAs substrates. The ionizing beam, employed in 
the present thesis, is the MeV ions (i.e., 160, 19F, and 35Cl), with energies 
between 1 and 20 MeV. Using the "Scratch" test for adhesion measure-
ment, and ESCA for chemical analysis of the film-substrate interface, the 
native oxide layer at the interface is shown to play an important role in 
the adhesion enhancement by the ionizing radiation. A model is discussed 
which explains the experimental data on the the dependence of adhesion 
enhancement on the energy which was deposited into electronic 
processes at the interface. The ESCA data indicate that the chemical 
bonds (or compounds) , which are responsible for the increase in the thin 
film adherence, are hydroxides rather than oxides. 
In the second part of the thesis we present a research performed on 
the radiation damage in GaAs crystals produced by MeV ions. Lattice 
parameter dilatation in the surface layers of the GaAs crystals becomes 
saturated after a high dose bombardment at room temperature. The 
strain produced by nuclear collisions is shown to relax partially due to 
electronic excitation (with a functional dependence on the nuclear and 
electronic stopping power of bombarding ions). Data on the GaAs and GaP 
crystals suggest that low temperature recovery stage defects produce 
major crystal distortion. The x-ray rocking curve technique with a 
dynamical diffraction theory analysis provides the depth distribution of 
the strain and damage in the MeV ion bombarded crystals. 
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I. General Introduction 
An incident energetic ion in solid materials loses energy by elec-
tronic and nuclear collisions with target atoms, as it slows down and 
eventually comes to rest. The electronic collision excites the target elec-
trons from the innershells or valence bands to the higher lying states or 
conduction bands. Thereby, it leaves the target atoms around the ion 
track in a highly excited state immediately after the collision. The 
nuclear collision causes a direct momentum transfer from the incident 
ion to the target nuclei through a screened Coulomb interaction. When 
the energy transfer by nuclear collision exceeds the threshold displace-
ment energy, the collision results in direct displacements of target 
atoms. 
Figure 1 shows a rough schematic of the energy loss per unit lengh of 
an ion dE/dX, which is commonly called the stopping power, as a function 
of ion energy. At a high energy, higher than 100-500 keV for the ions 
incorporated in the present thesis, the electronic stopping is the dom-
inant energy loss process. At energies below that, the nuclear stopping 
becomes a major energy loss process. The energy range of ions incident 
on the target, employed in the present thesis, is somewhat below the 
energy of maximum electronic stopping power which occurs at the ion 
velocity of approximately z¥13e 2/ti. When the ion velocity is less than 
the Bohr velocity, v 0=e
2/1i, the electronic stopping power is approxi-
mately given by the Lindhard-Scharff formula (Li61). 
(1) 
where S8 is the electronic dE I dX in Me V /mg I cm 
2 , E is in Me V, and M in 
N
 































































































amu . Since the initial incident velocity of ions incorporated in this thesis 
lies somewhere between the Bohr veloc ity and the velocity of maximum 
electronic stopping power, the electronic stopping power values used in 
this thesis are taken from the Northcliffe-Schilling data book (No70). 
A detailed numerical calculation of the nuclear stopping power values 
was done by Wilson et al. for the screened scattering of various ion-target 
combinations (Wi77) . They suggested one nuclear stopping power formula 
as a best estimate, which was identified in their paper as Kr-C . In the 
present thesis, the nuclear stopping power values are obtained from the 
Kr-C formula which is 
where 
and the units are the same as those in Formula (1) . 
Ions with energy between several Me V and several tens of Me V are 
referred to as MeV ions . When one comes to discuss a physical 
phenomenon induced by MeV ions, one is usually concerned with the cou-
pling mechanism of the energy deposited into the target electronic sys-
tem to a physical process which would result in the observed 
phenomenon. Ion damage tracks in insulating materials produced by MeV 
ions are an example. Since the damage tracks are produced by the elec-
tronic erosion process of the ion, the observability of tracks are closely 
related to the target electronic properties (Fl75) . Ion damage tracks are 
produced in most insulators and in some selected compound 
- 4 -
semiconductors whose conductivities are lower than a certain value 
(Mo68), but not in metals. The exact physical mechanism is still contro-
versal (Da81, To84a). Another example of energy conversion from the 
excited electronic system to atomic motion is the sputtering effects, i.e., 
the ejection of atoms from the target surface when bombarded with MeV 
ions. The sputtering yield, i.e., the number of ejected atoms per bom-
barding ion, is correlated with the electronic stopping power of the bom-
barding MeV ion (Gr79a) . The sputtering by MeV ions is believed to be 
related to the formation of ion damage tracks (To84b) 
The electronic processes of MeV ions may induce chemical changes in 
the target materials other than the atomic displacements. An MeV ion, 
crossing the interface of two materials in contact, may trigger a local 
chemical reaction of the participating atoms. The enhanced adhesion of 
thin films on a substrate by MeV ion bombardment appears to be closely 
related to this chemical process. Work on the enhanced adhesion of thin 
gold films on GaAs substrates by MeV ion bombardment is presented in 
the first part of this thesis. 
The nuclear stopping power is typically several e V per Angstrom for 
the MeV ions, whereas the electronic stopping power is typically two ord-
ers of magnitude larger. This relatively small nuclear stopping is respon-
sible for the structural damage process in good electrical conductors 
such as metals and semiconductors. The degree of structural damage in 
solids by MeV ions lies in between those by keV ions and MeV electrons for 
a comparable beam dose. Thus MeV ions provide a good tool for the study 
of radiation damage in materials. A study of structural damage and 
induced change in lattice parameter in crystalline materials forms the 
second part of this thesis . 
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II. :MeV Ion-Induced Enhanced Adhesion of Au Films on GaAs 
1. Previous Work 
Since the discovery of MeV ion beam-induced enhanced adhesion of 
thin metallic films on insulating substrates by Griffith, Qui, and Tombrello 
at Caltech (Gr82), there have been extensive experimental efforts to clar-
ify the physical mechanism involved in this phenomenon. Various sample 
combinations, e.g., metal-metal, metal-semiconductor, and metal-
insulator, have been studied by irradiating with MeV ion beams, keV elec-
tron beams, and UV photons. 
The data obtained at Caltech and other institutions suggest that new 
chemical/physical bond formation at the interface triggered by the ioniz-
ing radiation is responsible for the enhanced adhesion. However, there 
have been numerous speculations on the mechanisms . We describe some 
of these proposed mechanisms. 
(1) Atomic mixing: When Griffith et al. first observed the remarkable 
adhesion enhancement by MeV ion bombardment for thin metal films on 
insulating substrates, the first model was of interface atomic mixing 
driven by the nuclear damage track formation and ejection of atoms at 
the surf ace of insulating substrates. However, subsequent observation of 
similar adhesion enhancement on metal-metal and on metal-
semiconductor samples, and the measurement of the interface mixed-
layer thickness, the upper limit of which is less than 20 Angstroms, made 
this proposed mechanism less plausible. This is because nuclear damage 
tracks are usually not formed in metals and in semiconductors (except 
for some selected compound semiconductors, e.g., MoSe2 (Fl75)), and 
because the sputtering yield from these materials is very small under the 
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bombardment conditions employed (To83) . However, a small atomic mix-
ing (i.e., mixing of a few atomic monolayers) may increase the adhesion 
significantly. 
(2) An electrostatic force from electric dipole layer formation: When 
metals or semiconductors with different workfunctions are brought into 
contact, mobile charges move across the interface until the Fermi level 
in both materials become equal (i.e., thermal equilibrium for the elec-
tronic system). This process causes an electric dipole layer to form at the 
interface. Let us take an ideal Au and n-type GaAs contact as an example. 
The electrons move from the n-type GaAs to Au, creating a positive space 
charge layer in GaAs and excess electrons on the Au surface. For a doping 
level of 1X1018/cm3 in GaAs, and a contact potential (or Schottky barrier) 
of .87 V, an estimated electrostatic force is about 3 psi ( pounds per 
square inch) under an abrupt junction approximation (see, for example, 
Sz81). The effect of MeV ion bombardment on this electrostatic force is to 
decrease it. The reason is the following. The irradiation produces point 
defects in the space charge region near the GaAs surface. Some of these 
defects create new electronic energy levels within the bandgap of GaAs. 
These new levels trap mobile electrons or holes, reducing the mobile car-
rier density and there by decreasing the space charge density in the 
depletion region. The electrostatic force due to the dipole layer is propor-
tional to the space charge density times barrier energy. 
(3) New bond formation and the role of an impurity oxide layer at the 
interface: This is the most probable mechanism for the ionizing beam 
(MeV ions, keV electrons, and UV photons) induced enhanced adhesion, 
and most data up-to-date point toward it. An ionizing radiation can 
enhance chemical reaction at an interface of gas-solid or liquid-solid. For 
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example, the irradiation of UV photons on the solid surf aces enhances the 
etching rate of gas phase or liquid phase etchants on GaAs or Si (As84, 
Br84, Po84). The etching reaction is believed to be initiated by photo-
chemical gas-phase photodissociation and combined surface- and gas-
phase chemistry in the dry etching case. Also, irradiation of 4 keV elec-
trons on GaAs in an oxygen pressure of 5X 10-5 Torr, triggers gallium 
oxide formation at the 0 2 gas and GaAs interface (Al84). In this case, the 
ionizing electron stimulates the chemical reaction of 0 2 gas with GaAs 
surf ace possibly by photodissociation of 0 2 molecules and electronic exci-
tation of the GaAs surface. There is no reason why the enhanced inter-
face chemistry should not happen at a solid-solid interface. The degree of 
ionization of atoms at the solid surfaces is much higher in the case of 
MeV ions than keV electrons or UV photons. The ionization density around 
an ion track is higher by orders of magnitude than in the case of electron 
or photon irradiation. Thus it is not surprising that the observable adhe-
sion enhancement is easily achieved by MeV ion irradiation for those sam-
ples which are hard or practically impossible with keV electrons or UV 
photons. If there exist any impurity oxide layers at the interface, which 
may form during the thin film deposition process or may form by 
diffusion through the thin film to the interface under the ambient oxygen 
partial pressure, the beam induced chemical reaction is likely to happen 
between the oxide layer and the substrate surface or the thin film sur-
face. Using XPS (x-ray photoelectron spectroscopy), or equivalently ESCA 
(electron spectroscopy for chemical analysis), we studied the interface 
chemistry for MeV ion bombarded Au films on GaAs. The results will be 
discussed in the next section. 
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In the rest of this section, the work performed previously at Caltech 
and at other institutions on the use of various ionizing radiations for the 
adhesion enhancement is described. A summary of the previous adhesion 
work is given in Table I. 
The first use of an ionizing energy beam to induce adhesion enhance-
ment of thin metallic films on various substrates was done by Griffith, 
Qui, and Tombrello at Caltech in 1981. They bombarded thin metallic 
films on insulating substrates with various MeV ions (Gr82). MeV ions of 
the same type were used, subsequently, to produce enhanced adhesion 
for metal-metal and metal-semiconductor combinations at Caltech and at 
Uppsala (We83, Me83, Ja83) . In the experiment performed by Mendenhall, 
the threshold beam dose corresponding to passing the "Scotch" tape test 
was measured as a function of beam energy. Subsequently, Tombrello 
proposed a model which well explains this result (To83). 
Similar observations of adhesion enhancement from 5-30 keV elec-
tron irradiation for Au films on Si substrates were subsequently reported 
by Mitchell et al (Mi84a) . Since the Me V ion-induced adhesion enhance-
ment is correlated with the electronic stopping power of the ion, their 
experiment was designed to test whether the enhancement is caused 
exclusively by the electronic processes . The same effect was found to 
occur at an electron beam dose which is typically three orders of magni-
tude higher than an MeV ion beam dose. Since the energy transfer by an 
electron is lower by about the same orders of magnitude than that by an 
MeV ion, this result suggests that the induced bonding mechanism is an 
individual process for each ion or electron. 
Mitchell et al. have shown that a vacuum ultraviolet irradiation 
causes the same effects (Mi84b) . They irradiated metal films on Si 
- 9 -
Table I. Use of ionizing radiation for the enhancement of thin film 
adhesion. 
Radiations Ji'ilms -Substrates References 
MeV Ions Au , Cu. - Insulators Griffith et al., 
SiN.-Si Nucl. Instr. Meth., 
198, (1982), 607. 
MeV Ions Au, Insulators. Werner et al. , 
Ag , -Semiconductors , Thin Solid Films, 
Pd , Metals 104, (1983), 163. 
ke V electrons Au-Si Mitchell et al., 
Appl. Phys. Lett., 
44, (1984), 193. 
UV Photons Au-Si Mitchell et al., 
Appl. Phys. Lett., 
45, (1984), 137. 
MeV Ions Insulators, M. H. Mendenhall. 
Metals -Semiconductors , Ph. D. Thesis, 
Metals Caltech, ( 1983). 
ke V Electrons Al-Si02 Sai-Halasz et al., 
RMlT• Preprint, 
(1984). 
MeV Jons Au.-Si02 Wie et al. 
Nucl. Instr. Meth., 
(1985) in press. 
MeV Jons Metals -Insulators, Jacobson et al., 
Metals Univ. of Uppsala, 
Preprint, ( 1984). 
MeV Jons Metals -Glasses Sood et al., 
ke V Electrons RMIT Preprint, 
( 1984). 
MeV Jons Au-GaAs Livi et al., 
Proc. Matr. Res. Soc. 
(1984) , in press. 
•Royal Melbourne Institute of Technology, Australia. 
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substrates with 21.2 eV (He I) and 10.2 eV (H Lymana) photons . Sai-Halasz 
et al. at RMIT (Royal Melbourne Institute of Technology, Australia) had 
put a static electric field across the oxide layer of Al films on Si02 grown 
on Si wafers during 10-20 keV electron irradiation, and found a much 
more pronounced adhesion enhancement over the case with no bias 
(Sa84) . There was also extensive work at IBM and at RMIT (Ba84, So84). 
All these experimental data indicate that the adhesion enhancement is 
caused by additional bonds or stronger bond formation initiated by the 
electronic excitation/ionization of the interface atoms. Also, the keV 
electron and UV photon work indicates that the energy transfer to the 
interface atoms need not be much in excess of typical chemical bond 
energies ,i.e., a few eV. 
The fact that specific mechanism can be different for different sys-
tems was illustrated by a work on Au-Si02 (Wi85a). In this experiment, 
thin Au films (about 350 Angstrom thick) on vitreous Si02 substrates were 
bombarded with Cl ions of energy from 6 .5 to 21 MeV, to a wide range of 
beam doses. The threshold in the enhanced adhesion corresponding to 
passing the "Scotch" tape test occurs in two different dose ranges at a 
given ion energy (see Figure 2(a)). The "Scratch" test result, shown in Fig-
ure 2(b), also illustrates the adhesion enhancement variation as a func-
tion of beam dose. At low doses (2x 1012 to 5X1013 /cm2), surface crazing of 
the vitreous Si02 substrate caused by a nonuniform stress relaxation in 
the bombarded region (Pr75) was shown to produce the enhanced adhe-
sion force at the interface (Wi85a). The surface cracks close up at doses 
higher than 5X1013 /cm2 for all the beam energies used (see Figure 3). The 
enhanced adhesion produced at higher doses correlates with the elec-
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Figure 2(a). Threshold dose versus Cl ion bombarding energy for Au 
films on Si02 . The bars represent the low dose adhesion range ; the 
single dots are the threshold doses for the higher dose adhesion. All 
the data points correspond to passing the tape test. 
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Figure 2(b). The scratch widths as a function of beam dose . 
Corresponding tape test results are shown in the figure . 
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Figure 3. Surface crazing of vitreous Si02 due to the nonuniform 
stress relaxation from ion bombardment. The cracks produce an 
electrostatic edge field, which gives rise to higher adhesion of Au 
films (Wi85a). The cracks close up at a high dose (>5x1013 cm-2), 
because the bombarded region becomes more uniform due to the 
overlapping of cylindrical ion tracks. The numbers in the picture are 
bombarding ion doses in units of 1013 cm-2 of 15 MeV c1+4 . 
- 14 -
conventional category of the ionizing beam-induced enhanced adhesion. 
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2. Experiment and Results1 
GaAs wafers with four different dopants, as shown in Table II, were 
cleaned in Alconox detergent and warm water in an ultrasonic bath, 
rinsed in warm water , in deionized water, and in methanol, etched in a 
solution of 3-5 drops of bromine in 100 ml methanol, rinsed in methanol, 
and dried in a dry N2 :ft.ow. The cleaned wafers were loaded into a 
diffusion-pumped vacuum chamber in which about 500 Angstrom thick Au 
films were deposited by a resistive evaporation. The Caltech EN-tandem 
Van de Graaff accelerator was used to bombard samples with F 19 or Cl35 
ions for energies between 2 and 18 MeV. The bombardment dose varied 
from 8x1011 to 2X1015 ions/cm2. After the bombardment the film surfaces 
were cleaned by a plasma etching technique to avoid the influence of 
hydrocarbon contaminants on the "Scratch" test. 
The adhesion test was done using a Leitz micro-hardness tester 
equipped with either a 0.5 mm radius chrome plated steel ball tip or a 0.4 
mm radius tungsten carbide ball tip . The ball tip was loaded with a weight 
ranging from 5 g to 500 g , and samples were mounted on a motor driven 
translation stage . Figure 4 shows scratches made by the ball tip across 
the ion beam spots. The beam spot size is 1.2 mm radius. The letters a, b, 
c , and d indicate the beam spots of doses 25, 10, 5, and 2.5X1013 ions/cm2 
of 18 MeV Cl ions, respectively. The scratches shown in the picture were 
made with a .4 mm tungsten carbide ball tip with various loads. The loads 
are not in order in the picture. 
The results of the "Scratch" test are given in Figure 5 for the four 
different GaAs substrates bombarded with 18 MeV Cl ions. The bottom of 




























































Table II. Properties of the GaAs substrates used for studying adhe-
sion enhancement of Au films by MeV ion bombardment. All wafers 
are < 100> cut. 
Mobility Resistivity 
Dopant Concentration( cm-3) (cm
2 I Y.s) (Ohm·cm) 








Cr(p) compensation doped 
9.6x10-3 Zn(p) 7.ox1017 1000 
•used for the energy dependence measurements. 
I I I I IOOg 
Si doped 






9.6 x 10-3 ohm cm 
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3x 10- 3 ohm cm 
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DOSE (cm- 2 ) 
Figure 5. Plot of scratch test load that causes film stripping from 
GaAs substrate. The bars indicate the load range, from initiating of 
partial stripping (bottom of bar) to total stripping (top of bar) 
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the bars indicate the load at which the film starts to be partially removed 
and the top of the bars indicates the load at which the film is totally 
removed (the critical load). At the critical load, the scratch width is the 
same in both the bombarded area and the unbombarded area. In all the 
samples, the unbombarded films could be removed at 5 g, the lowest 
weight used. It can be seen in Figure 5 that only the Cr-doped semi-
insulating GaAs sample shows a substantial increase in the adhesion for 
low bombardment doses ( < 5X1013 ions/cm2). On the other hand, the Zn-
doped p-type sample does not exhibit any significant enhancement even 
for a high dose irradiation, at which all the other samples exhibit a large 
enhancement. 
This result illustrates very well the dependence of the adhesion 
enhancement on the substrate electronic properties. The two n-type sem-
iconducting substrates show very similar behavior, whereas the Zn-doped 
p-type semiconducting substrate sample shows very little enhancement 
and the Cr-doped p-type semi-insulating substrate sample shows a 
significant increase from a very low dose. This behavior correlates well 
with the XPS measurements of oxide layers at the interface. The XPS 
results are discussed later in this section. We must note that all the GaAs 
wafers were cleaned and deposited at the same time under identical con-
ditions. 
Using n-type GaAs substrates we measured the threshold beam dose 
as a function of ion energy. The threshold dose corresponds to a beam 
dose at which the load required to remove films increases rather abruptly 
(see Figure 5). Figure 6 shows the "Scratch" test results for the energy 
dependence measurements. Table III summarizes the data. It can be seen 
in Figure 6 that the adhesion changes more gradually for F ions than for 
... d) 
l ... ... 
10 1 
• 
Te dQc)ed n-type 







Te doped n-type 
18 MeV 3'c14 • 
506 eVIA 
10 1~ 1013 1014 
DOSE (ions/cm2 l 
-
10 1~ 
Figure 6. Plot of scratch test load range for the energy-dependence 
measurerpents . 
Table Ill. GaAs and bombarding ion characteristics, electronic stop-
ping power of bombarding ion at film-substrate interfaces, and the 
threshold for the onset of beam induced adhesion enhancement. 
GaAs Bombarding ion Electronic Stopping Adhesion Enhancement 
Substrate Characteristics Power(eV I A) Thre shold(ions I cm2) 
Si doped 2.0 MeV, 19F2+ 161 (3.5 - 12) x1014 
Te doped 3.0 MeV, 35c12+ 220 2.5X1014 
Si doped 8.0 MeV, 19F3+ 269 (4.7 - 25) x1013 
Te doped 6.5 MeV, 35c13+ 335 1.0X1014 






















0 0.1 0.2 0.3 0.4 0.5 0.6 
Se (100 eV/ A) 
Figure 7. Plot of the threshold dose against electronic stopping 
power, from Table III. The solid line through the data represent the 
exponential dependence of DTh on 1 /Se. 
0.7 
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Cl ions. In Figure 7 the threshold beam dose is plotted against the elec-
tronic stopping power (see also Table III). The straight line corresponds to 
an exponential dependence of the threshold dose on 1 /Se. Here, the elec-
tronic stopping power values, Se, were taken from the data table by 
Northcliffe and Schilling (No70). This dependence is explained by a model, 
which will be discussed in the next section. 
The dependence of adhesion enhancement on substrate electronic 
properties was a most interesting result. We investigated a possible 
difference in chemical compositions at the interface region using XPS2 . 
The XPS technique measures the photoelectrons emitted from the first 
few atomic monolayers of solid surfaces by x-ray photons, and the escape 
depth for photoelectrons in the 1-2 keV energy range is typically 10-20 
Angstroms (Gr79a). Thereby, the XPS technique provides chemical infor-
mation about the surfaces of solid. 
For the XPS measurement, Si-, Zn-, and Cr-doped GaAs substrates 
were cleaned and deposited with Au films at the same time under identi-
cal conditions. The bombarded and as-deposited samples were etched in a 
dilute solution of KCN in water to remove Au films (KCN is known to etch 
Au selectively). After removal of Au films, the samples were loaded into 
the XPS apparatus. The ESCA spectra were obtained from the as-loaded 
samples. Subsequently, these samples were sputter etched in situ with 
Ar ions. 
Figure 8 shows an ESCA spectrum taken (before sputter etching) 
from a Si-doped GaAs substrate bombarded to 6X1014ions/cm2 with an 18 
MeV Cl ion beam. The strong 0 ls signal was typical for all the bombarded 
2Tue XPS measurements were performed in a collaboration with R. Grant and R. 
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samples. Shown in the inset are the sputtering results for the 0 ls and C 
ls lines. Carbon existing on the sample surfaces is largely due to the con-
tamination, and is removed by 23 minutes of sputtering. However, the 
oxygen signal virtually did not change after the same sputtering. For the 
unbombarded sample it was found that the oxygen signal decreased 
rather rapidly with sputtering. 
To look at the oxygen signal variation with substrate electronic pro-
perties, we started with Si-doped n-type and Zn-doped p-type substrates 
which had been bombarded with 18 MeV Cl ions to 3X1014 ions/cm2 . One 
unbombarded Si-doped n-type sample was also examined. The ESCA spec-
tra from these samples are discussed below. 
Figure 10 shows peak heights of the 0 ls line as a function of sputter-
ing time. It can be seen that the oxygen signal heights are well correlated 
with the "Scratch" test results shown in Figure 5. It is also noted that the 
oxygen concentration extends into deeper regions in the bombarded sam-
ples than in the unbombarded sample, and it extends deeper in the Si-
doped substrate than in the Zn-doped substrate. The in situ sputtering 
was performed simultaneously for all three samples in the same Ar ion 
beam. 
Table IV gives the peak heights of As 3d, 0 ls, and C ls lines for 
increasing sputter time. As can be seen from Figure 9 the As 3d lines are 
resolved for oxide and GaAs, whereas the Ga 3d lines are not. One thing 
we should note is that arsenic oxides dissolve in water and gallium oxides 
do not. The arsenic signal from arsenic oxide in Table IV is probably from 
the native oxide layer which was formed after the Au film was etched off 
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Since the gallium oxides do not dissolve in water during the removal 
of Au films, they provide a better measurement for the oxide compound 
formed by the MeV ion irradiation. We therefore measured the linewidths 
of the Ga 3d line. The linewidths at half peak are shown in Figure 11 for 
the same samples from which the 0 ls peak heights were obtained (see 
Figure 10). The variation of the Ga 3d linewidths as a function of sputter 
time, and for different samples is consistent with the 0 ls signal height 
data and the "Scratch" test results. This is evidence that the oxygen in 
irradiated samples exists as a compound with the substrate atoms. Note 
that the As 3d linewidths do not change with sputtering, because this line 
is resolved for oxide and GaAs. 
Figure 12 shows the lineshape of Ga 3d line for the bombarded Si-
and Zn-doped substrates. The lineshape is more asymmetric even after 
longer sputtering for the Si-doped substrate than for the Zn-doped sub-
strate. This also indicates that the oxide concentration is higher in the 
Si-doped GaAs than in the Zn-doped GaAs . 
In an effort for more quantitative analysis, rough chemical composi-
tions were obtained from the signal height measurement for the Si-doped 
substrates. After 6 min. sputtering, when the native cixides and carbon 
contaminants have been removed, the atomic percents are 32% As, 41% 
Ga, and 27% 0 for the bombarded substrate, and 39% As, 45% Ga, and 16% 
O for the unbombarded substrate. Data indicate Ga(OH) 3 formation 
rather than Ga20 3 . Thus a hydrogen profiling measurement would be 
interesting. Continuing work is under way in this respect, but data are 
not available for this thesis. 
We close this section by mentioning an observation that was made 
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Figure 11. Linewidths at half-peak versus sputtering lime for Ga 3d 
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removal of Au films from the substrates was in order of adhesim 
strength, i.e., unbombarded Si-doped sample, bombarded Zn-doped sa11.-
ple, and bombarded Si-doped sample. The bombardment beam dose wis 
3X1014 ions/cm2 for both bombarded samples. At the last instant of 
removal, the unbombarded films were cracked and taken off as sm1ll 
pieces, and so were the bombarded films on the Zn-doped substrai? . 
However, the bombarded films on the Si-doped substrate were removed 
fairly continuously without cracking. Even though the deposition of 
hydrocarbon contaminants during beam bombardment may decrease tle 
etching rate, this cracking behavior may be related to the bondilg 
strength of the films to the substrate . 
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3. Discussion and Model 
The dependence of adhesion enhancement on the substrate elec-
trornc properties (see Figure 6) was shown to be related to the oxide con-
centration (see Figure 10) which is chemically bound to the substrate 
atoms in the interface region. The XPS data provide a rough measure-
ment of the total oxide layer thickness after the beam bombardment 
which is about a factor of two higher than the native oxide layer thickness 
(i.e., before beam bombardment). 
Thin native oxide layer does not exhibit any enhanced sputtering 
yield under MeV ion bombardment when they exist on a semiconducting 
substrate (Qi83). The critical thickness of the insulating film on a sem-
iconducting substrate, to give rise to enhanced sputtering, is estimated 
to be 3 atomic monolayers in their paper by Qiu et al. Thus, the sputter-
ing mechanism of MeV ions in insulators may not be responsible for the 
small mixing of oxides and substrate surfaces by the beam bombard-
ment. Also, when the insulator layer in a metal-insulator-semiconductor 
structure is very thin (less than 10 Angstroms), little impediment is pro-
vided to carrier transport between the metal and the 
semiconductor(Sz81). 
The XPS data suggest that the adhesion enhancement between the Au 
film and the GaAs substrate is provided by chemical bond formation of 
the impurity oxides with the substrate atoms (and most likely with the 
thin film atoms also), with a beam-induced mixing on the order of the 
native oxide layer thickness. Now, a model for the Au-GaAs system is dis-
cussed which is based upon the adhesion enhancement model originally 
proposed by Tombrello (To83). 
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At the beam current densities employed each ion interacts indepen-
dently, so any new bonds created (i.e., any increased adhesion) must be 
proportional to the bombardment beam dose. Thus, if we define the 
threshold dose as the dose at which the load on the "Scratch" test 
increases rather abruptly, then 
(New bonds per event) x (Threshold dose) =a constant which 
depends on the 
adhesion test alone 
The number of new bonds of the impurity oxides produced with the 
substrate atoms or the thin film atoms is assumed to be proportional to 
the electron current flowing across the interface layer caused by the 
bombarding ion. This is because, to form new bonds, one must first free 
the electrons and exchange them among the participating atomic 
species, and because the electron exchange of the impurity oxides with 
the :film/substrate atoms will be governed by the electrons, freed by the 
electronic collisions of the ion and :ft.owing between the substrate and the 
metal film. Since the impurity oxide layer provides little impediment to 
the carrier transport, we can use the Richardson-Dushman equation for 
thermionic emission: 
electron current a T2exp(--f1. 
The temperature for the electrons is taken to be provided by various 
energy loss process of the ion in the electronic collisions, i.e., T a Se. The 
q; is taken to be approximately the difference in work functions of the 
thin :film and the substrate. Since the dominant dependence is from the 
exponential term, the threshold dose, DTh, is: 
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In Figure 7 the experimental data are provided. The solid curve 
through the data points is for an exponential dependence of the threshold 
dose on 1 /Se. This rather simple model provides the correct dependence 
of the threshold dose on the electronic stopping power for the Au on n-
type GaAs system. For the doping concentration of GaAs substrates given 
in Table II, the work function difference is roughly .7 eV for Au (with the 
work function of 4.8 eV) and n-type GaAs(Te), and .6 eV for Au and p-type 
GaAs(Zn). The marked difference of adhesion enhancement between these 
two substrates, as shown in Figure 6, may not be explained by this work 
function difference. The adhesion enhancement for p-type GaAs(Zn) as a 
function of beam dose suggests rather that the remarkable difference is 
due to the difference in the native oxide thickness among the different 
substrates. With more oxides available for new bond formation, the adhe-
sion enhancement will be higher, thus explaining the substrate electronic 
property dependence. The variation of the oxide concentration with the 
substrate electronic properties was clear from the data in Figure 10 and 
in Table IV. 
This model needs to be refined to account for the small oxide 
diffusion into the substrate by the ion bombardment, and this may 
require one to consider , for example, the heat of mixing. 
In conclusion, we demonstrated that in the ionizing beam-induced 
adhesion enhancement the role of an impurity oxide layer is important, 
and the "Scratch" test results for the Au and n-type GaAs system support 
the proposed adhesion mechanism by Tombrello. Also, the data suggest 
that more extensive investigation of the oxide compounds formed by the 
MeV ion irradiation is necessary for the metal-metal, and other metal-
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semiconductor systems to understand more rigorously the adhesion 
mechanism. If one uses an ultrahigh vacuum for the thin film deposition, 
the ionizing beam-induced solid state reaction between the atomic 
species of the thin film and the substrate will provide an exciting field to 
study. 
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III. Strain/Dam.age in MeV Ion Bombarded GaAs 
1. Introduction 
In this chapter we present research performed on the radiation dam-
age in GaAs and in other crystalline materials bombarded by MeV ions. 
The results on GaAs will be compared with those on other materials. 
Principal measurements of the radiation damage were performed by 
measuring the x-ray lattice parameter change, and the average atomic 
displacements from regular lattice sites. Both quantities were measured 
experimentally by an x-ray rocking curve technique which gives a Bragg 
reflecting power of the samples as a function of angle. 
In the Bragg reflection, the deviations of lattice parameter from an 
original value give rise to angular shifts in the reflection intensity. Ran-
dom displacements of atoms from the lattice sites cause a decrease in 
the Bragg intensity and x-ray broadening. The x-ray rocking curve tech-
nique and data analysis will be described in the next section. 
The radiation damage by MeV ions is intimately related to a partition 
of energy into electronic processes and lattice processes . Thus, we briefly 
present an overview of the energy partition and related effects in this 
section. 
Figure 13 shows an example of the depth distribution of the stopping 
powers. As seen in the figure, the electronic stopping is dominant over 
the nuclear stopping over most of the range (marked as Region I), except 
the last less-than-one micron region (marked as Region II) where the 
nuclear stopping becomes comparable to the electronic stopping. This 
situation is typical for the MeV ions employed in this thesis. We thus 






15 MeV Cl in GaAs 





(/) 2 2 
00...._~__...._~__...._~--'~~--'~.:....---1.__;:...i...--1.~~-'o 10 20 30 40 50 60 70 
DE PT H ( IOOOJi) 
Figure 13. Depth distribution of stopping power for a 15 MeV Cl ion 




in Region II (Sn "' Se), for the materials which exhibit electronic erosion 
and for those which do not. 
( 1) Radiation damage in Region I: When the target materials are 
electrical insulators or some selected compound semiconductors (Mo68), 
some part of the energy in the electronic system couples to a lattice dis-
placement process (Fl75) . Thereby, it creates an elongated ion damage 
track in these materials, and it also produces an enhanced sputtering 
yield from the surfaces of these materials (To84b) . In these track-forming 
materials, the theoretical approach to the ion erosion process is largely 
focused on the coupling mechanism of the energy deposited in the elec-
tronic system into lattice displacements (Fl75, To84a). The nature of the 
damage may be different for different materials. However, the general 
nature of the damage in the track-forming materials seems to be that it 
is composed of extended defect regions and point defects which continu-
ously spread out in between the extended defects (Da81). 
The electronic excitation/ionization-induced lattice displacements 
do not usually occur in metals and in most semiconductors. In these 
materials only the nuclear collision process is responsible for the dis-
placement damage . Since the nuclear stopping power in Region I is on the 
order of the threshold displacement energy of atoms in the target 
materials, the damage is mainly composed of point defects. 
The point defects in crystalline materials act as centers of lattice 
dilatation. A random uniform distribution of such point defects produces 
a dilatational strain which is uniform and isotropic in the entire specimen 
(Es56). If 0 is the atomic volume, f vO is the volume change due to the 
dilatational field of one vacancy, and f i 0 is the volume change due to one 
interstitial, the strain is then 
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where cv and ci are the atom fractions of vacancies and interstitials 
(Si59). 
Also the extended defects produce a strain field around them. For 
example, a nuclear damage track produces strain field which is expected 
to decrease as r-2 with the radial distance (Fl75). 
The measurement of strain, induced by MeV ion irradiation, is suit-
able for the radiation damage study in this Region I. 
(2) Radiation damage in Region II: This region corresponds to the ion 
energy of several hundred eV and below. In this region the nuclear colli-
sion energy loss is comparable to the electronic energy loss. Since 
nuclear collision is a much more efficient process in producing displace-
ment damage than electronic collision, the radiation damage in this 
region is dominated by the nuclear process regardless of the target 
material properties. 
The nuclear stopping power in this region is typically several tens of 
eV I Angstrom, and the radiation damage is composed of many isolated 
disordered regions produced by collision cascades. The radiation damage 
in this region is most important in ion implantation for semiconductor 
device processing. The use of the x-ray rocking curve technique for the 
ion implanted materials has been described by Speriosu et al. (Sp84). 
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2. Dynamical X-Ray Difiraction in Nonuniform Crystalline Films 
2.1 Strain/Dam.age Measurement by X-Ray Rocking Curve Technique 
An x-ray diffractometer system measures the Bragg reflection inten-
sity as a function of angle (the x-ray rocking curve). A goniometer 
installed under a sample holder moves (i.e., rocks) the sample with 
respect to the incoming x-ray beam by a step angle typically of 10-3 
degrees. At each step the reflection intensity is measured and recorded 
by a computerized data acquisition sytem. 
A schematic and picture of the equipment are shown in Figures 14(a) 
and 14(b). The beam emerging from the x-ray tube is diffracted by the 
first crystal. The x-ray beam becomes monochromatic, more planar, and 
partially polarized by the diffraction from the first crystal. This 
diffracted beam is incident onto the sample. The reflecting power is 
defined as the intensity ratio at the sample surface of the diffracted 
beam to the incident beam. 
To analyze the strain induced in the surface layers of a crystal, the 
x-ray source should be chosen such that the x-ray absorption length is 
not much less than the total thickness of the strained layer. This is 
because the x-ray strain is obtained by measuring the angular shift of the 
diffraction pattern by the surface strained layers from the Bragg peak of 
the undamaged substrate. 
The unpolarized x-ray beam emerging from the x-ray tube is partially 
polarized by a diffraction from the first crystal. This diffracted beam con-
tains the nomal polarization component which is a factor of (cos 2881)-
2 
higher than the parallel component, where 8a
1 
is the first crystal Bragg 








































































































































Figure 14(b). Picture of rocking curve equipment. At center of the 
picture, the first crystal is seen. Sample crystal is mounted on the 
face of the black cylindrical tube shown on the left. 
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perpendicular to the plane defined by the incident and the diffracted 
wave vectors. 
Also, the first crystal resolves slightly different wavelengths by 
reflecting to different angles. The x-ray beam coming off the first crystal 
usually contains two prominent wavelengths (e.g., Ka 1 and Ka2) propagat-
ing into slightly different directions. The slit between the first crystal and 
the sample is used to select a single wavelength (i.e ., Ka 1). This slit is also 
used to limit the lateral extent of the beam size, for an analysis of a small 
area on the sample surface. 
A nonuniform depth distribution of strain in the sample will give rise 
to a distributed diffraction pattern. An example of the rocking curve 
data taken from a virgin crystal and an ion bombarded crystal is given in 
Figure 15. In a symmetric Bragg reflection, the strair; c causes the Bragg 
angle shift by -ctan08 radians from the original Bragg angle , 0 8 , which 
is at the zero angle in the figure. 
The lattice damage by the ion irradiation causes a decrease in the 
structure factor and the diffuse x-ray scattering. A simple way to take 
this into account is to assume a random Gaussian distribution for the 
atomic displacements . That is, 
where r/ is the actual atomic position, rj is the ideal lattice position, and 
u is the root mean square atomic displacement. The structure factor is 
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Figure 15. Example of experimental rocking curve from a virgin cry-
stal and an MeV ion-bombarded crystal. Here, the sample crystal is 
CaF 2 ( 111) with CuKa 1 radiation. 
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where the subscript H represents the Miller indices of the reflecting lat-
tice plane, and FH is the structure factor of an undamaged crystal. 
If one knows the total thickness of strained layers, one can obtain the 
depth distribution for strain and for average atomic displacements . This 
is obtained by :fitting the experimental rocking curve with the calculated 
rocking curve using a suitable x-ray diffraction theory. When the max-
imum reflecting power from the surface strained layer is less than 6 %, a 
kinematical x-ray diffraction theory can be used. This has been used for 
the samples implanted with ions of energy <= 200 keV (Sp81). 
When the reflecting power of the surface strained layer is above 6 %, 
a more general dynamical x-ray diffraction theory should be used. We 
applied this theory for the analysis of the rocking curves taken from the 
MeV ion-bombarded crystals, and this is discussed in the next section. 
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2.2 Dynamical Diffraction Theory and Rocking Curve Analysis 
The general theory of x-ray diffraction, which properly accounts for 
normal absorption (photelectric process and Compton scattering) and 
extinction (coherent scattering or diffraction) of wave fields in a crystal 
medium, is called the dynamical x-ray diffraction theory. It is a first-
order theory in that it takes the deviation of the x-ray refractive index 
from unity up to first order, and the variation of the complex amplitudes 
over one x-ray wavelength to the first order. When the homogeneity of the 
crystal specimen varies in only one direction ,i.e., in depth with no lateral 
variation, the change in the x-ray complex amplitudes in depth is well 
described by the Takagi-Taupin equation which was originally developed 
by S. Takagi in 1962 (Ta62) and independently by D. Taupin in 1964 (Ta64). 
The derivation of the Takagi-Taupin equation is given in Appendix A. 
The Takagi-Taupin equation is 
where 
Do,H(r) = complex amplitudes of the incident and 
diffracted waves, 
(2.1) 
Po.H = wave vectors of the incident and diffracted waves, 
e2 r..2 FoH 
'ftoH = - ----'-
• mc 2 1T V 
F o,H = structure factors for the incident and diffracted 
waves, 
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V =unit cell volume, 
The above equation expresses the spatial variation of the complex 
amplitudes of the incident and diffracted waves along the incident and 
the diffracted directions, respectively. The Takagi-Taupin equation has 
been used in the study of diffraction from curved crystals by Klar and 
Rustichelli (.KJ.73). They have presented the theory in a form useful for 
the present study, writing the depth-dependent scattering amplitude in 
the following form. 
where 
i ~~ = (1+ik)X2 - 2(y+ig)X + (1+ik) , (2 .2) 
DH(r) j--ro j X = - scattering amplitude, b = "YH , 
v'bD0(r) , 
7o,H = direction cosines of the incident and diffracted 
waves with respect to the inward surface-normal. 
A= 
7TJv·Hi 
----'---'----Z, Vo,H = v'o,H + iv"o.H, z =depth, 
~-v'l'lo--rHI 
(1 +b)v"0 . g = 
1 1 
= absorpt10n, k = 
2 V'H Vb 
(1+b)v'0 - ba:H y = - deviation from the Bragg angle. 
21v'Hlv'1) 




FR = structure factor for the undamaged crystal, 
u = average atomic displacement. 
The strain is taken into account through aH. 
where 
(2.4) 
upper sign= for the incident angle of 09-cp w.r.t. the 
sample surface, 
lower sign= for the incident angle of 09+cp w.r.t. the 
sample surf ace, 
cp = angle between the surface and the reflecting lattice 
plane, 
£ 1 = strain perpendicular to the surface, 
c2 = strain parallel to the surface. 
Larson and Barhorst have used equation (2.2) to obtain the strain 
depth distribution in an implanted and laser annealed silcon crystal 
(La80a) . They decomposed the complex differential equation (2.2) into 
two coupled real equations by putting X = X1 + iX2 , and integrated each 
equation numerically to obtain the rocking curve. We take, however, a 
different approach which takes less computational time. 
Equation (2.2) can be integrated analytically (Ha84), 
X(A) = sXo + i(B+CX0)tan[s(A-A0)] 




X(Ao) = Xo , B = -( 1 + ik) , 
c = y + ig ' s = Vc2-=:B2 ' 
jx(o) j2 = reflecting power of the sample. 
Thus, if one knows the scattering amplitude X at the bottom of a 
layer, then one can calculate X at the top of the layer using the formula 
(2.5). In this layer approximation, one uses (2.5) repetitively for the 
strained layers, starting with an initial condition which should be given at 
the interface of the undamaged substrate and the bottom strained layer. 
This initial condition is simply the solution for an infinitely thick crystal. 
The initial condition is obtained most easily by the following considera-
ti on. 
Imagine a layer of thickness Ao on an infinitely thick crystal. The 
layer and substrate crystals are assumed to be identical with no damage 
or strain. Then the ''Xo" in (2.5) is the scattering amplitude of the sub-
strate which is the infinite crystal solution, and ''X(O)" at the layer sur-
face will again be the infinite crystal solution because there is no strain 
or damage in the layer. Thus, by putting X(A) = Xo in (2.5) and solving for 
Xo. we get the infinite crystal solution, which is 
(2.6a) 
The lower sign in (2.6a) gives the correct infinite crystal solution. Thus, 
the initial condition is 
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Equations (2.5) and (2.6b) are used for the rocking curve analysis 
wth the dynamical x-ray diffraction theory. Since the correct evaluation 
of"s" (which is a square root of complex variables) is important for the 
r<l!king curve calculation, we give the formula in Appendix B. 
As a final remark, we show a calculated rocking curve for a virgin 
ciystal in Figure 16. The figure shows an experimental rocking curve 
(dished) for a virgin GaAs(lOO) crystal with FeKal (400) reflection, and 
tle calculated rocking curve (solid) using the formula (2.6b) with a 10 
rucsec half-width gaussian convolution. 
- 51 -
3. Behavior of CaF 2• LiNb03 • Si. and Cu Crystals 
We studied the insulating materials, CaF2 and LiNb03, to find whether 
or not the ion damage track produced by the electronic process from the 
MeV ion bombardment controls the strain and damage production in the 
surface layers. The rocking curves taken from these materials are given 
in Figures 17 and 18. These materials had been bombarded with 15 MeV Cl 
ions to various beam doses . The strain and damage depth profile in the 
bombarded CaF2 crystals was obtained by analyzing the rocking curves of 
Figure 17. The depth profiles are given in figure 19 each with correspond-
ing experimental and calculated rocking curve. The kinematical x-ray 
diffraction theory was used for the analysis because the maximum 
reflecting power from the strained layer was low (i.e., less than 6 %), and 
because a computer program based on this theory was available (the 
dynamical theory was subsequently prograffiilled) . 
The correspondence between the rocking curve and the depth profile 
in Figure 19 is understood by the following way: (1) The peak at zero angle 
is from the undamaged substrate beyond the ion range (depth ~ 5 µm) . 
(2) The prominent peak at negative angle corresponds to the relatively 
thick layer of low strain, near the surface . (3) The peak at the lowest 
angle is from the layers of high strain at around 4 µm depth. 
According to the dep th profile in the bombarded CaF2 crystal shown 
in Figure 19, !:_1.!:_~ __ p_!'oductiop _of ~train and damage in this ins~atJng 
material se ~rns to be co_n tr9lled by t l}-e nuclear collision process _of _the-
--~~-- - ~· . ~--~··--- " •• --- -· -------·- -----·------ -·-·-·---
ion (see Figure 13 for the stopping power depth profile). This indicates 
that even if electronic erosion occurs in this insulating material, point 
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Figure 17. CuKal (333) reflection from 15 MeV Cl ion-bombarded 
CaF2(111) crystals. Only the negative angle side of the virgin crystal 
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Figure 18. Experim.ental rocking curves for MeV ion-bombarded 
LiNb03 (01.0) crystals. FeKo:l radiation was reflected from (03.0) 
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Figure 19. Kinematic al diffraction theory analyses of CaF 2 rocking 
curves shown in Figure 17. Left: calculated (solid) and experimental 
(doted) rocking curves. Right: strain (solid) and lattice displacement 
(dashed) depth profile. 
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The rocking curves of the bombarded LiNb03 crystal indicate that the 
surface layers of this material have become amorphous after an ion beam 
dose of 7.22X1015 ions/cm2 (the diffraction from the strained layer is very 
weak for u ~ 0.2 Angstrom). The CaF2 crystal did not completely become 
amorphous in the surface layer after 4X1015 ions/cm2 . However, the rock-
ing curves indicate that the region corresponding to the maximum 
nuclear stopping power has become amorphous at this dose, and this is 
responsible for the disappearance of the rapidly oscillating part in the 
rocking curve. The layer which has become amorphous in the CaF2 crystal 
corresponds to an average atomic displacement larger than .2 Angstrom 
in the strain/damage depth distribution (see the last profile of Figure 
19). 
Maximum strains reached at a given beam dose, corresponding to the 
maximum angular deviation in the rocking curves, and main surface 
strain, corresponding to the maximum intensity, are shown in Figure 20 
for the CaF 2 and LiNb03 crystals. The slope change in the strain versus 
beam dose curve, at a beam dose of 4X1013 ions/cm2 , and the observation 
that the increase in the reflecting power for the main strain peak with 
beam dose stopped at the same dose, made it possible to infer an approx-
imate cylindrical damage track diameter for the Cl ion in CaF 2 , which is 
about 18 Angstroms (Wi84b). 
The behavior of a Si crystal under the MeV ion bombardment is shown 
in Figure 21. Data indicate that the region around the maximum nuclear 
stopping power becomes amorphous at a relatively low beam dose, 
1.25X1014 ions/cm2 , and the maximum strain reached before it becomes 
amorphous is very low (about .06 %) compared to the insulating crystals. 
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<Ill> Si, 15MeV Cf4 
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Figure 21. Behavior of Si(l 11) crystal under MeV ion irradiation at 
room temperature. Note that deviation of the strain peak from the 
original Bragg angle (at zero degree in the figure) is much smaller 
than in CaF 2 or LiNb03 . 
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ions/cm2 may be attributed to defect complexes or to the strain :fields 
around disordered regions, and the corresponding strain in the rocking 
curve is about 0.02 %. 
Primary defects in Si or Ge crystals are all known to be mobile at 
room temperature. Thus, most of the defects produced in the surface 
layers by MeV ion bombardment at room temperature may have been 
annihilated. This may be responsible for the rocking curve pattern in the 
Si crystals which generally show very low strain, with most of the surface 
layer free of damage except the region around the end of the ion range. 
The strain produced in the MeV ion bombarded Cu crystal was nega-
tive at a beam dose of 2x 1013 ions I cm2 (see Figure 22). No strain could be 
seen at a high dose (1.2X1015 ions/cm2 ) as shown in Figure 22. Negative 
strain produced in an ion-implanted InP crystal was also observed (Vr85) . 
The origin of negative strain in ion-irradiated crystals is not understood. 
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Figure 22. Cu(l 11) crystal bombarded to 2x1013 and 1.2X 1015 cm-2 
with a 15 MeV Cl ion beam. The negative strain developed at 2X10 13 
cm-2 disappears at 1.2x 1015 cm-2 , indicating that the corresponding 
region has become amorphous. CuKa1 radiation was reflected from 
the (333) planes. 
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4. GaAs and III-V Semiconductors 
4.1 Lattice Disorder and Recovery Stages in III-V's 
III-V compounds have either the zinc-blende structure or the wurt-
zite structure (Ki76). We consider the variety of basic lattice defects in 
the zinc-blende structure. For example, in GaAs there can be both Ga-
vacancies and As-vacancies. There can be Ga-interstitials surrounded by 
nearest neighbors which are all Ga- or all As-atoms, and similarly for As-
interstitials. Thus in the zinc-blende lattice we may have two kinds of 
vacancies and four kinds of interstitials . There can also be clusters of 
interstitials and/or vacancies. 
In addition, there can be two distinguishable sites for the two kinds 
of interstial atoms. Both sites are equivalent as far as nearest neighbors 
are concerned (see Figure 23). The interstitial sites are at the center of a 
trigonal prism with six neighbors at the corners of the prism. The sites 
differ in that in one the prism is "capped" by the next nearest neighbors 
along the c-axis from the interstitial sites. The other site is in the center 
of an "uncapped" prism; i.e., the next nearest neighbors to this intersti-
tial site are the atoms capping adjacent prisms (Co66). 
Another type of lattice defects in the zinc-blende structure is the 
antisite defects where a Group III atom occupies a Group V site, or vice 
versa. It has been suggested that diffusion in III-V compounds proceeds 
through a specific sublattice (Ei57, Go61). That is, Ga atoms diffuse 
through the Ga sublattice of GaAs, etc. 
Irradiation with heavy particles can result in high atomic recoil ener-
gies and spike damage such that a local region of the lattice undergoes a 
phase change . In the MeV ion irradiated materials, the spike damage can 
- 61 -
Figure 23. Interstitial environment in the zinc-blende lattice (a) The 
"capped" prism. (b) The "uncapped" prism. This was taken from Cor-



















Figure 24. Resistivity at 4.2 K in n-type GaAs as a function of time 
after irradiation with 1.0 MeV electrons (dose Bx 1014 electrons cm-2) 
and various doses of 0.46 MeV electrons. The low-energy electron 
doses are indicated at the curves in units of 1013 electrons cm-2 . This 
was taken from Thornrnen (Th 70) . 
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easily occur around the end of the ion range where the nuclear stopping 
power is high. Also, there is always the possibility that sparse spike dam-
age regions occur in the near surface region even if the nuclear stopping 
power is on the order of the threshold displacement energy per atomic 
spacing. Experimental data for GaAs indicate that the lattice defects are 
produced by the nuclear stopping process and are partially recovered by 
the electronic process. 
Available experimental data also indicate that ionizing radiation 
plays a role in the defect-related processes with different efficiencies for 
the III-V semiconductors and for the elemental semiconductors (Si and 
Ge). For example, Thommen measured the electrical resistivity in GaAs 
after 1 MeV electron irradiation followed by 0.46 MeV electron irradiation, 
both at 4.2 K (see Figure 24). Here, 1 MeV is above the threshold energy 
for the production of displacement damage by electrons in GaAs, while 
0.46 MeV is below the threshold so that electrons of this energy produce 
only electronic excitation in the target. A significant reduction of resis-
tivity was observed, after 0.46 MeV electron irradiation for the beam dose 
range 1013-1014 electrons/cm2 , from that taken before 0.46 MeV irradia-
tion (Th70). However, a similar experiment performed on Ge (see Figure 
25) shows that the lower energy electron beam dose required to bring the 
radiation annealing to completion is about 3 orders of magnitude higher 
than in GaAs (Mc59, Si69). 
Different types of defects have different associated activation ener-
gies . If the experimental probe is sensitive to certain types of defects, 
then the measured physical quantity changes rather abruptly whenever 
the annealing temperature matches with the activation energies. For 
example, in electrical resistivity measurements or in optical 
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Figure 25. Conductivity changes inn-type Ge with 1.10 MeV electron 
foll.owed by 0.315 MeV electron irradiation. This was taken from 
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Figure 26. Isochronal recovery stages in lnSb, InAs, GaSb, GaAs, and 
GaP as a function of Debye temperature 0v. The line through the 
data shows a 0~ dependence. This was taken from Lang et al (La 77) 
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measurements the annealing data usually show major recovery stages for 
each type of defects (see , for example, Ei71). 
The isochronal recovery stages for some of the III-V semiconductors 
are shown in Figure 23. This was drawn based upon previously reported 
annealing data on the electrical or optical measurements of these 
materials (La77, Pi66). The line drawn through the data is proportional to 
08, where 8 0 is Debye temperature . Note that all the defects in GaP are 
all stable well above room temperature, while the annealing of lower 
stage defects in GaAs occur near or below room temperature . 
It has been suggested that divacancies, interstitials, and close 
Frenkel pairs are possible candidates for defect annealing at lower tem-
peratures (Pi73). It is also believed that the radiation-induced defects 
which are stable at room temperature in GaAs are most likely simple 
defects such as antisite defects, vacancies, or interstitials (La77). 
Strain induced by radiation damage in crystalline materials, how-
ever, could be produced by all kinds of defects, so that the annealing 
data on the lattice dilatation may indicate a spectrum of activation ener-
gies (Pr55). The data obtained on the strain reduction in GaAs due to 
annealing indicate a spectrum of activation energies. 
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4.2 Experimental Results and Discussion3 
4.2.1 GaAs 
GaAs(lOO) single crystals with dopants Cr, Te, or Si, were bombarded 
with Cl, 0, and C ions of various energies to beam doses ranging from 
1x1013 to 5X1015 ions/cm2 , and all the bombardments were made at room 
temperature . Rocking curves taken with FeKal radiation are shown in 
Figure 27 for a symmetric reflection from (400) planes. The development 
of a single peak after an ion beam dose, l.2x1015 cm-2 for the 15 MeV Cl 
ions, indicates the saturation of perpendicular strain to about 0.4 %. 
Among the crystals with different dopants, the Cr-compensation-doped 
GaAs had the best crystal quality as demonstrated by the rocking curve 
before the ion bombardment. We think this is due to the doping concen-
tration in the crystal, and the Cr-doped semi-insulating GaAs requires the 
lowest doping concentration to achieve the required electronic property. 
The strain development and saturation phenomenon was the same for 
other crystals with different dopants, and this is illustrated for the Te-
doped GaAs crystal in the last diagram of Figure 27. Also, this 
phenomenon was observed for all the ions of different energies we tried. 
Using asymmetric reflections we measured the parallel strain in the 
surface layers . If a crystal contains point defects which are uniformly dis-
tributed throughout the entire volume, then the crystal would expand 
isotropically. However, since the radiation-damaged region in our sam-
ples was constrained laterally by the ion beam spot size, and limited in 
depth by the ion range, we expected that the parallel strain would be 
3Part of the work on GaAs has been published (Wi84). 
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different from the perpendicular strain (see Figure 28 for beam spot 
geometry). By the asymmetric reflections from (333), (511), and (422) 
planes we measured the rocking curves for the Cr-doped GaAs( 100) bom-
barded with 15 MeV Cl and 8.3 MeV 0 ions to the beam doses of 1.2X1015 
and 2.4X1015 ions/cm2 , respectively. Both beam doses are such that the 
diffraction from the surface layers is of a single peak structure so that 
the strains can be obtained from the rocking curves directly. 
Table VI summarizes the asymmetric measurements. In Table VI(a), 
we give the appropriate parameters and the angular separation of the 
strain peak from the substrate peak for each reflection. Table VI(b) shows 
that the parallel strain in the surf ace layers is essentially zero within the 
experimental error. Since the bombarded region was constrained by two 
factors, i.e., by the beam spot size and by the coupling of the strained 
film to the undamaged substrate, we tried to remove the constraint from 
the beam spot size by covering the whole sample surface (only in the x-
direction) with the ion beam. The data obtained for the 15 MeV Cl beam 
were from this geometry, as is indicated in the footnote of Table VI(a). 
Since there was no observable difference in the angular separation from 
that with a laterally constrained beam spot, we concluded that the lateral 
expansion of the strained film is forbidden by a strong coupling of the "' 6 
µm thick surface layer to the much thicker substrate. 
Symmetric (400) reflections were taken for a series of bombard-
ments made at room temperature with Cl, 0, and C ions of various ener-
gies. The perpendicular strain at the sample surface was measured from 
the rocking curves. The perpendicular strain at the surface (defined as 
surface strain hereafter) is shown in Figure 29 as a function of an ion 
beam dose for all the bombardments made. At the same dose the surface 
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ION BEAM SPOT GEOMETRY 
(I) TOP-VIEW 
(X-RAY REFLECTION TOPOGRAPH) 
X-RAY BEAM IS AT THE BRAGG ANGLE 
OF NON-BOMBARDED CRYSTAL 
X-RAY BEAM IS AT THE SURFACE 
STRAINED LAYER BRAGG ANGLE 
(2) SIDE-VIEW 
Imm 3mm 
SUBSTRATE GoAs CRYSTAL 
Figure 28. Ion beam spot geometry in samples. The spot size is 
around 3X3 mm.2 square. 
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Table V. Asymmetric reflection for the parallel strain measurements 
in GaAs(lOO) crystals. 
(a) Angular separation of strain peak from substrate peak. 
15 MeV a 
Ref lecti.on (400) (333) (511) (422) 
FeKal 
09 (deg . ) 43.27 63.16 63 . 16 57.27 
rp (deg . ) 0 54.74 15.79 35.26 
(1) lt.a9 I (deg . ) o .2001 0 .2344 0 .4469 0 .3248 
<2l lt.09 I (deg . ) o . 1888 0.2300 0.3746 0 .2936 
Incident angle= 0 8 -rp w.r .t. sample surface. 
Jt.09 J = k 1e 1 + k2e2, where e1 =perpendicular strain, 
e2 = parallel strain, k 1 = cos
2rptan09 + sinrpcosrp, 
k2 = sin
2rptan08 - sinrpcosrp . 
(1) . 15 MeV ClH, 1.2Xl015 cm-2, ion beam spot in sample= CI:J 
(2). 8 .3 MeV o-+-3, 2 .4X1015 cm-2 , ion beam spot in sample= 1:::1:=J 
(b) Comparison of angular separation and the perpendicular 
strain term. 
Reflection (400) (333) (511) (422) 
0 .349 0 .409 0.780 0.567 lt.0sj (%) 
1.2X1015 cm-2 k 1e1 (3) 0 .349 0.419 0 .776 0.559 
8.3 MeV 0 lt.09 I(%) 0 .330 0 .401 0 .654 0.512 
2.4X1015 cm-2 k 1t:1 (%) 
0 .330 0 .396 0 .732 0.528 
(3)1~ 0 0 .75 0.055 0.032 
(3). I~ is a measure of sensitivity of the angular separation to the 
parallel strain. When the incident angle is 89+rp, it is more sensitive 
to the parallel strain. 
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strain is higher for the ions with higher nuclear stopping power (see the 
inset in Figure 29). 
Since the defect density produced by the ion bombardment will be 
proportional to the nuclear stopping power, if the surface strain is plot-
ted against the nuclear stopping power times beam dose , then the sur-
face strain is higher for lower electronic stopping power (see Figure 30) . 
Figure 30 indicates the role of the nuclear and electronic stopping powers 
in the strain/damage production. Now, we can make a model for the 
mechanism of strain/damage production by MeV ion bombardment. 
The initial number of defects produced by the nuclear collision pro-
cess must be proportional to the nuclear stopping power of the ion. Thus, 
we may write 
(4.2.1) 
where No is the initial number of defects per unit length, Sn the nuclear 
stopping power, and k 1 is a constant. 
These defects produced by the nuclear collision process are partially 
recovered by the electronic ionization process. The recovery rate is 
assumed to be proportional to the number of electron-hole pairs created 
by the ionization process. The initial number of electron-hole pairs per 
unit length, n 0 , will be proportional to the electronic stopping power Se; 
i.e ., 
no= (4.2.2) 
where Eg is the bandgap, and k 2 is a constant. The time variation due to 

































































































































































































































































































n(t) = n 0e T , (4.2.3) 
where T is the electron-hole pair lifetime. Thus, the ionization-induced 
defect recovery rate can be written as 
dN 
dt 
-k 3N(t)n(t) . (4.2.4) 
Thus, from the above equations the final nUillber of defects per unit 
length, Nf created by one ion is 
Nf = N -k:inoT oe . (4.2.5) 
If k 3noT is smaller than unity, equation (4.2.3) becomes approximately 
(4.2.6) 
At a dose range for which the cylindrical ion track regions do not overlap 
sufficiently, the defect concentration will be proportional to the beam 
dose D. Therefore, the final defect density after the ionization-induced 
recovery, Ild, is given by 
(4.2.7) 
This model accounts for the defect recovery due to the ionization 
process at a given temperature. There will also be thermal recovery due 
to the ambient temperature during the bombardment. However, the 
thermal recovery does not affect the functional dependence of the final 
defect density on the stopping powers. In Figure 31, the surface strain is 
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eV I Angstrom, and Se in 100 eV I Angstrom. The data points show a univer-
sal curve for a given ion with a slight mismatch for different ions. The 
different efficiency of different ions in strain production is not well under-
stood. 
The dynamical x-ray diffraction theory presented in the previous sec-
tion was used to analyze the rocking curves . Since the maximum 
reflecting power of the surface strained layer is much higher than 6 %, 
the kinematical theory analysis is not applicable. The strain and damage 
depth distribution for each beam dose is shown in Figure 32, with 
corresponding experimental and calculated rocking curves. The depth 
profiles illustrate very well the strain production and saturation 
phenomenon. The profiles also show that the region corresponding to 
maximum nuclear stopping power becomes amorphous at a high beam 
dose (see the last profile in Figure 32). The depth profile of the several 
micron thick layer is usually very hard to obtain with conventional exper-
imental techniques such as Rutherford Backscattering or Auger Electron 
Spectroscopy. Cross-sectional TEM may provide a depth profile of com-
parable thickness. The strain/damage depth profile obtained from the 
rocking curve analysis has been shown to be consistent with that 
obtained from the RBS channeling technique for an ion-implanted crystal 
(Pa81). 
A Cr-doped GaAs crystal bombarded with 15 Me V Cl ions to 
l.2X10 15 cm-2 has been annealed at a succesively higher temperature for 
15 minutes. The annealing was performed in vacuum and the sample was 
capped with another GaAs wafer to suppress the arsenic out-diffusion. 
The strain corresponding to the single diffraction peak was obtained after 
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Figure 32_ Dynamical x-ray diffraction theory analyses of the GaAs 
rocking curves shown in Figure 27. Left : experimental (dashed) and 
calculated (solid) rocking curves . Right : strain (solid) and damage 
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amorphous at 5x 1015 cm-2 . 
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peak reflecting power jumps at around 500 K. and appears to agree with 
the vacancy recovery stage in GaAs (La77, also see Figure 26) . But we 
must be careful in associating .the reflecting power jump with any physi-
cal process because, when the (100) plane of a GaAs crystal is at an angle 
of a few degrees from the sample surface (as is the case for most of our 
samples), the azimuthal orientation of the sample with respect to the 
incoming x-ray beam can alter the peak reflecting power significantly. 
The strain decreases with temperature rather smoothly, and goes to zero 
at around 770 K which occurs around the recovery stage of the antisite 
defects in GaAs (Wo82). 
The strain and damage recovery behavior is shown in Figure 33c, 
which was obtained by the dynamical theory analyses of the rocking 
curves in Figure 33a. Relaxation of the overall strain/damage with 
annealing temperature is shown explicitly in the depth profiles. The 
heavily damaged layer at 5 µm depth does not completely recover after 
the annealing at 500 C. We should remember that the damage in the near 
surface layer is mainly composed of point defects, while the damage at 
around 5 µm depth is in a form of many disordered regions due to the 
high nuclear stopping power in this region. Strains produced by these two 
different forms of defects will be very much different. The thermal 
recovery behavior and the apparent decoupling of the strain relaxation 
from the damage relaxation suggests that it is a problem worth intensive 
future study. 
Since this initial annealing experiment was performed at a large tem-
perature step (about a 100 K interval), we tried a more careful annealing 
experiment to see if any distinct recovery stage was associated with it. 
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Yicure 33(c). Thermal recovery of strain and lattice damage . The 
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tion implies many activation energies are involved in the stram 
recovery process . Cont 'd on next page 
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isochronal (15 minutes) annealing experiment. The two recovery curves 
represent the data obtained from two samples bombarded to the same 
dose. Even though the two curves do not coincide exactly, both show the 
same trend of gradual recovery as the first isochronal anneal data. 
In Figure 35, we give the isothermal anneal data obtained at several 
different temperatures for an 8 min. time step. The isothermal data sug-
gest that annealing has occurred for all the strain associated with activa-
tion energies below that reached at the end of each step of annealing at a 
given temperature. The characteristic activation energy Ea at the end of 
each step annealing is defined by kBTln(vt), where vis the frequency fac-
tor approximately given by kBT /h, t the annealing time, kB the Boltzman 
constant, T the temperature, and h the Planck constant. The strain 
change which has occurred in each step of annealing, ~£, is approxi-
mately the integral of the activation energy spectrum from Eal• the value 
of Ea at the end of previous step of annealing, to Ea 2 , the value of Ea at 
the end of present annealing. Then (Ea
2 
~ Eai) is the average value of 
the activation energy spectrum between Ea 1 and Ea2 , and plotting it 
against Ea gives an approximate block graph of the activation energy 
spectrum. The isochronal anneal data in Figure 34 were analyzed in this 
way, and the result is given in Figure 36. The same approach has been 
used by Prirrlak et al. to analyze the anneal data of radiation-induced lat-
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(Il) ISOTHERMAL ANNEAL DATA 
GaAs (Cr) 
15 MeV Cl, RT IRRADIATION 
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Figure 35. Isothermal anneal data obtained from GaAs(100) sample 
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Figure 36. Activation energy spectrum obtained from the strain 
recovery data in Figure 34. The dashed curve is a common smooth 
curve for both data. 
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4.2.2 GaP 
Primary defects in GaP are all stable well above room temperature 
according to the recovery stages shown in Figure 26. We bombarded Zn-
doped GaP( 100) crystals at room temperature, and measured the rocking 
curves for several bombardment doses to see if the strain saturation is a 
common phenemenon in III-V semiconductors. Figure 37 shows that the 
rocking curves of GaP at low beam dose follows a similar trend to GaAs, 
and that the strain peak at a high beam dose is symmetric but much 
broader than that of a corresponding GaAs crystal. 
We postulate that low-temperature recovery stage defects such as 
close Frenkel pairs may give a much higher crystal distortion than simple 
defects . An interstitial defect is also a possible candidate for a higher 
crystal distortion than those substitutional defects such as vacancies and 
antisite defects . It is also believed that, among the simple defects, the 
interstitial defects anneal at lower temperature than the substitutional 
defects. To check this postulate we bomarded the Zn-doped GaP( 100) cry-
stal at an elevated temperature, i.e., at about 490 K to a high dose of "' 
1x 1015cm-2. The rocking curve taken from this sample is given in Figure 
38, and shows a sharp strain peak with very narrow linewidth. This result 
demonstrates that strain or defects saturation is common for GaAs and 
GaP crystals, and that low-temperature recovery stage defects give rise 
to high distortion to the crystal field around each defect. This may indi-
cate that the saturation phenomenon is general for all the III-V semicon-
ductors. 
The room-temperature bombarded GaP crystal was annealed iso-
chronally. Figure 39 shows the strain recovery, the x-ray broadening, and 
the peak reflecting power of the strain peak as a function of annealing 
8 
40 
FeKa 1 ( 400) reflection 
No irradiation 
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Figure 37. Rocking curves for Zn-doped GaP( 100) crystals irradiated 
with with 15 MeV Cl ions at room temperature . The strain peak after 









































































































































































,... 89 ,... 
temperature . It also shows that there is a significant relaxation of strain 
in room temperature (i.e., after 73 days room-temperature aging). This 
room-temperature relaxation is probably due to the slow recovery of 
low-temperature recovery stage defects . Picraux has shown that the lat-
tice disorder, in a GaP(111) crystal implanted at 120 K, recovers over a 
temperature range from 150 K to 400 K for a low-fiuence implantation 
(1.5x10 13 Zn or Sb/cm2), and the disorder recovers over a range from 300 
K to 620 K for a high fiuence implantation ( 1.1x1014 Zn or Sb I cm2) (Pi73). 
The recovery stages for III-V compounds shown in Figure 26 should be 
considered with care . 
One should note that the strain and the x-ray linewidths are smaller 
for the GaP crystal irradiated at a high temperature than for the same 
crystal irradiated at room temperature and subsequently annealed to the 
same high temperature . The strain and the linewidths are .08 % and 40 
arcseconds for the sample bombarded at 490 K, and . 11 % and 82 
arcseconds for the sample bombarded at room temperature and subse-
quently annealed up to 490 K. 
We close this section by saying that the results on GaAs and GaP sug-
gest a general trend in MeV ion-induced strain production and saturation, 
and crystal field distortion in the III-V semiconductors which is closely 
related to the defect recovery stages in each material. 
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ANNEALING OF GaP(IOO) BOMBARDED BY 
15 MeV Cl IONS TO 2.4xl015 Cl/cm2 
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Figure 39. Strain, x-ray broadening, and peak refiecting power for a 
successive isochronal annealing of the ion bombarded GaP. 
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4.2.3 Summary 
Bombardment of III-V semiconductors with MeV ions produces strains 
which corresponds to the lattice dilatation normal to the surface, with 
negligible parallel expansion. The strain in the surface layers is mainly 
due to point defects produced by the nuclear collision process. Partial 
relaxation of the strain is caused by the electronic process. 
The strain saturation in GaAs bombarded at room temperature, and 
in GaP bombarded at an elevated temperature, suggests that there is a 
saturated defect density at a given bombardment temperature for the 
III-V semiconductor materials. It is not clear whether the balancing of 
production and recovery of defects at the saturate point is a dynamic 
process (i.e., radiation-induced dynamic recovery) or a thermal process 
(i.e., quasi thermal equilibrium). 
The x-ray rocking curves from the GaP crystals bombarded at room 
temperature, and from the same crystal bombarded at an elevated tem-
perature, indicate that low-temperature recovery stage defects generally 
cause major distortion to the crystal fields . This may explain the rather 
sharp strain peaks from the room-temperature irradiated GaAs crystals 
for a high-dose bombardment, because the recovery stages are generally 
at lower temperatures in GaAs than in GaP. 
The x-ray rocking curve technique with the dynamical diffraction 
theory analysis was shown to provide the depth profiles of radiation dam-
age for a relatively thick layer ( typically 10 µm ). Also it illustrates very 
well the progression of strain and damage as the ion :ft.uence increases. 
This non-destructive technique is advantageous because of rapid data 
acquisition and low equipment cost compared to RBS and AES spectros-
copy. 
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The gradual recovery of the lattice strain with the annealing tem-
perature was interpreted in terms of a spectrum of activation energies. 
The absence of major recovery stages in the strain anneal data is in con-
trast with those results obtained from using other probes of radiation 
damage such as electrical and/or optical measurements. 
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Appendix A: Derivation of The Takagi-Tau pin Equation 
Let us consider the physical basis of the theory. Basic assUillptions 
made in the theory will be discussed. Our aim is to derive a differential 
equation which will describe the spatial variation of the incident and 
diffracted waves due to absorption and diffraction by the mediUill. 
The deformation is assumed to be small. The variation of the defor-
mation over one x-ray wavelength is assUilled to be smaller than the 
deformation itself . If w is the displacement of a lattice atom, then 
1~1 <<1, axi 
and these are the only assumptions on the deformation of the crystal 
medium, which makes the resulting theory quite general in describing 
diffraction from the deformed crystals. Also, the deformation can vary in 
any direction of the medium. In Section 4 .2.2 we considered the case of 
longitudinal variation only, for the convenience of dealing with the x-ray 
rocking curve technique. 
If the incident and diffracted waves can be approximated by plane 
waves, then the total wave field inside the medium is: 
D(r) = L,DH(r)e ir.J0t-i2Tr~8 ·r , 
H 
(A.1) 
where the capital subscript H refers to crystal planes with Miller indices 
(h,k,1), and H = 0 corresponds to the incident wave. 
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The variation of the amplitudes over one x-ray wavelength is assumed 
to be small; i.e., 
I 
fJDo,H "A.I << If; I 
fj:z; . O,H 
i 
it is further assumed that 
We shall assume the magnetic permeability to be unity and the 
current density to be zero. The dielectric constant for the x-ray fre-
quency range is very close to unity. Thus, 
E: = 1 +'1- • (A.2) 
where '1- << 1. Since the x-ray wavelenths are on the order of the crystal 
lattice spacing, x-ray photons will see the crystal structure. So we expand 
'1- in a Fourier series in the reciprocal lattice space . 
'1-(r) = l;'1-He -2n!JH.;t • 
H 
(A.3) 
where Be is the reciprocal lattice vector, and Pe =Po+ BH (Bragg's law). 
From the Maxwell equations, the wave equation follows, 




Inserting equations (A. l) and (A.3) into (A.4) and comparing the 
coefficients of the exponential factor, we get 
VxVx[(DL(r) - l;DK(r)'1-H-K)e-i2n~L -;t] = 4rr2k~DL(r)e-i21rPc;t. (A.5) 
K 
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where k 0 is the wave vector value in vacuum. 
If there exist two internal waves in the medium, i.e., the incident 
wave and one diffracted wave, then we may set 
D0 #- 0, DH "#- 0, and DL = 0 for L #- 0, H. (A.6) 
Equations (A.5) and (A.6) yield 
(A.7) 
A further reduction of equation (A. 7) is made with the following con-
siderations. 
mation. 
ii) ~0.fJ0 = 0, ~H'f;H = 0: transverse wave. 
iii) V·Do,H(r) = 0: variation only along the propagation direction. 
iv) {J0.f;H = 0, fiwD0 = 0 : for the normal polarization. 
v) Corresponding results for the parallel polarization are 
obtained by replacing 'YH by '¥Hcos2®s everywhere . 




where aH = ~Bn+2k0·BH ), which is approximately 2(88 -Gl)sin288 for 
ko 
the Bragg case. 
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Appendix B : Formula for Evaluating s = V(:2:: ii2 
where 
and 
s = -s 2 + is 1 for q 2 < y ~ q 1 , 
s = -s 1 + is 2 for y > q 1 , 
q 1 = Vi ::k2+92 , 
- k q2- - , 
g 
T2 = Z(yg-k) , 
- ~-~ 
T = VTf +r2 
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